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The Upper Qu’Appelle River conveys water from Lake Diefenbaker to Buffalo
Pound Lake, which is a major source of water for domestic, industrial,
agricultural and recreational use in southern Saskatchewan, in particular the
Regina - Moose Jaw region. The flow along the river is regulated by releases
through the Qu’Appelle River Dam of Lake Diefenbaker. Water demand
continues to increase with time and additional conveyance capacity may be
required during the winter months. Flows in the Upper Qu’Appelle are usually
below 2 cms from December to March; however, an increase in this flow rate
will be needed to meet future water demands. A winter flow test was carried out
during the 2012-13 winter to determine the Upper Qu’Appelle River’s
conveyance capacity at higher flows under ice (up to 4 cms) and to monitor ice
cover behaviour with increased and fluctuating flows. The ice cover was
monitored from the ground at regular intervals throughout the winter with
surveys of water level profiles and ice thickness measurements. An empirical
model helped track and predict ice thickness and thickening rates during the
course of the flow test.
1. Introduction
The Upper Qu’Appelle River conveys water from Lake Diefenbaker to Buffalo Pound
Lake, an important water source in southern Saskatchewan, particularly for the Regina –
Moose Jaw region, with municipal, industrial, agricultural and recreational usage. The
discharge through the river is controlled by the Qu’Appelle River Dam on the Gordon
McKenzie (northeast) arm of Lake Diefenbaker. Industrial development in the region
has resulted in an increased demand for water. At present approximately 25% of the
province’s population relies on Buffalo Pound Lake as a source of their water. Buffalo
Pound Lake is also a major recreation area in southern Saskatchewan and flows are
often passed down the system to stabilize the lake’s water levels. It is anticipated that
improvements and changes to the water conveyance capability will have to be

completed within the next 10 years to meet this growing demand for water. The Water
Security Agency of Saskatchewan (WSA) would like to improve the channel capacity so
that it is able to supply up to 8 cms during the summer period.
Currently, discharges of less than 2 cms are typically conveyed along the river in winter
to ensure a safe ice cover formation. However, increasing water demand for municipal
and industrial use requires that discharges be increased during the winter season. In
order to test the channel’s conveyance capacity during winter, a water release from the
Qu’Appelle River Dam of up to 4 cms was carried out during the winter season 2012 –
2013. Ice thicknesses and snow depths were surveyed along the channel at regular
intervals to formulate empirical relationships for ice thickening predictions. The
behavior of the ice cover is also described, while: (i) ramping up the discharge from
2.55 to 4 cms in November 2012 during ice cover formation and (ii) stepping down the
discharge from 4 to 0.8 cms in January 2013 once the ice cover was established. Water
quality sampling was also carried out to determine the impact of the higher winter
discharge on the aquatic ecosystem and the potential for increased erosion.
2. Study Site
The Upper Qu’Appelle River is located in southern Saskatchewan and conveys water from Lake
Diefenbaker to Buffalo Pound Lake. The river is approximately 97 km long: the first 35 km is
channelized with a design capacity of 14 cms (see Figure 1; left panel); the lower 62 km stretch
is a natural river course experiencing much erosion, sloughing and siltation (see Figure 1; right
panel) compounded by deteriorating water quality. Since the 1960s flows have been augmented
by interbasin transfers from the South Saskatchewan River system. Conveying these augmented
flows required the extensive channelization in the uppermost reach. The channel conveyance
capacity has since decreased due to erosion, sedimentation, and the growth of aquatic
macrophytes. The effect of the latter is of particular concern as macrophytes increase flow
resistance and decrease cross-sectional area. By midsummer, macrophytes limit the channel
capacity to 5 cms or less, well below the design capacity of 12 – 14.5 cms.

Figure 1: open-water conditions on 11 September 2012; left panel: channelized section looking
downstream from PFRA Bridge (north side); right panel: natural meandering downstream
portion of the Upper Qu’Appelle River.

A longitudinal profile of the river’s thalweg is provided in Figure 2. Many river crossings labeled
with the bridges’ names are indicated on the figure. A flow discharge gauge (#05JG006)
operated by Water Survey of Canada (WSC) is located at the Drop Structure. A water level
gauge (#05JG010) operated by the Water Security Agency (WSA) is located immediately
upstream of PFRA Bridge.

Figure 2: Longitudinal profile of the Upper Qu’Appelle River’s thalweg including the location of
bridges and gauges (modified from Hatch (2012)).
The channel reach most prone to heavy aquatic growth is approximately 4 km in length and
extends from 400 m upstream of the PFRA Bridge downstream to the Tugaske Bridge (Sereda,
2012). The upper portion of this reach was constructed to have a 9.1 m wide bottom with a
channel slope of 0.03%. The downstream portion has a slope of 0.01% and widens out to a
15.2 m wide bottom. A change in grade and the wide channel results in slower moving waters
and deposition of silt material, a favourable substrate for macrophyte growth.
Monthly discharge statistics from the WSC gauge between 1968 and 2011 are provided in Figure
3. Flows through the channel are typically below 2 cms during the winter months between
November and March. Historical flow data is complemented with B-values, which indicate when
the stream flow was estimated with consideration for the presence of ice in the stream. The start
and end recordings of the B-values provide a proxy for the start and end dates, respectively, of
the presence of an ice cover at a gauge. Freeze-up dates between 1970 and 2010, when an ice

cover was formed at the WSC gauge, are provided in Figure 4 (left panel). A slight trend to later
freeze-up dates may be deduced from the data (≈ 1 day every 4 years). Dates of ice-out
conditions at the WSC gauge between 1970 and 2010 are also shown in Figure 4 (right panel).
The data exhibits a slight trend to progressively earlier ice-out conditions with time (≈ 1 day
every 2 years). Photos of complete ice-covered portions of the Qu’Appelle River during the
winter flow test after freeze-up ice in December 2012 are shown in Figure 5.

Figure 3: Monthly statistics of discharge recorded at the WSC gauge from 1968 to 2011.
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Figure 4: Ice-in (left panel) and ice-out conditions (right panel) between 1970 and 2010 at the
WSC gauge determined from the B-values in the streamflow data. The B-values indicate that
flows are estimated with consideration for the presence of ice in the stream. Ice conditions alter
the open water relationship between water levels and streamflow.

Figure 5: Ice-covered conditions on 6 December 2012; left panel: channelized section looking
downstream from PFRA Bridge (south side); right panel: natural meandering portion of river at
Keeler Bridge.
3. Ice cover development: winter 2012 – 2013
Air temperature and discharge readings from the WSC gauge and water level elevations recorded
by the WSA gauge are provided in Figure 6. Before freeze-up commenced at the beginning of
November 2012, the discharge along the upper Qu’Appelle River had been reduced to 0.5 cms in
an attempt to kill off the macrophytes still present between the PFRA and Tugaske Bridges. The
first cold spell began on 9 November 2012 when air temperatures dropped to -20 °C by
12 November 2012, during which time the flow was stepped up to approximately 2.55 cms. This
allowed an ice cover to begin forming along the river, particularly since:
- pools at the northwest end of Buffalo Pound Lake, the outlet of the Upper Qu’Appelle
River, had already frozen over to provide a starting point for frazil ice flow to be arrested
and produce a juxtaposing ice cover stream upwards and
- water temperatures were low enough (water temperatures measured on 7 November 2012
were 3.6 and 3.2 °C at Tugaske and Eyebrow Bridges, respectively) to supercool when
the air temperature dropped to -20 °C to generate frazil ice.
By 23 November 2012, the ice cover had progressed to the WSA gauge, which showed an
unstable high peak in its water level record. This corresponds to an accumulated degree days of
freezing ADDF of approximately 162 °C-days. This implies that approximately 10 days are
required for the ice cover to advance to this point with a daily air temperature average of -16.2
°C. However, it is not known if the ice cover progressed as a single continuum from the river’s
outlet to its maximum upstream extent, or if ice bridging occurred along the river to form several
sections of the ice cover simultaneously. The latter scenario is more plausible since several lowslope and sharp-meandering sections exist along the river where ice bridging may occur.
The discharge was stepped up to 1 cms on 8 November 2012 and again to 2.5 cms on
9 November 2012 in order to increase the residual heat contained in additional water discharged
from Lake Diefenbaker (water temperature at Hwy #19 Bridge was measured at 7.9 °C on
7 November 2012) to delay the freeze-up, so that construction measures along the channel could
be finalized. A discharge of 2.5 cms was maintained until 18 November 2013. Between
18 November and 13 December 2012, the discharge was stepped up from 2.5 to 4 cms in

increments of 0.25 cms every few days. “The flow increment should, ordinarily, be a small
fraction of the flow prior to the beginning of runoff, however, it could be well in excess of 10%
in shallow rivers with thick ice covers” (Beltaos, 2008, p. 151). Hence, increases of 0.25 cms in
flow could lessen the possibility of cracking along the ice cover. Also, ice is a material that
creeps, so smaller discharge increments with a sufficient time lapse between them can give the
ice cover a chance to adjust to the new stresses induced on it from each incremental flow
increase. Once the discharge reached 4 cms, this flow was maintained until 11 January 2013.

Figure 6: Air temperature (top panel) and discharge (middle panel) recorded at the WSC gauge
and water level elevation (bottom panel) recorded at the WSA gauge.
In order to reduce the risk of spring flooding along the Lower Qu’Appelle River, downstream
from Buffalo Pound Lake, the discharge needed to be ramped down, which occurred in two
steps: from 4 to 2.3 cms on 11 January 2013 and from 2.3 to 0.9 cms on 15 January 2013.

Stepping down the flow occurred during a cold spell when nighttime temperatures dropped to
below -30 °C. Ramping down the flow caused the ice cover to drop and sag from the banks
towards the middle of the channel. The WSA gauge recorded a water level drop of
approximately 40 cm. The reduction in flow and cold weather during the latter half of January
extended the ice cover upstream to beyond Hwy #19 Bridge and allowed the existing ice cover to
thicken. This is noticeable in the erratic behavior of the discharge recordings during the latter
half of January (Figure 6, middle panel). Evidence of an ice cover upsteam of the gauge is
provided by a satellite image in Figure 7. Thickening is evidenced in the progressive increase in
the water level at the WSA Gauge from 528.07 m a.s.l., after the flow was ramped down, to
528.14 m a.s.l. by 30 January 2013 (7 cm rise). A small flow increase of 0.25 cms was required
at the end of January to reduce the decline of the water level in Buffalo Pound Lake. This
increased the water level by 6 cm after which the water level elevation remained fairly steady at
approximately 528.2 m a.s.l. throughout February 2013. No operational adjustments were carried
out until 26 April 2013, when the discharge was dropped to approximately 0.1 cms as a
precaution to excessive flooding. A relatively cool spring postponed the freshet until the end of
April 2013.
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Figure 7: RADARSAT-2 images of the river at the Drop Structure. Open water conditions
prevail at the beginning of winter (top); only a short period of time did an ice cover form
upstream of the Drop Structure (bottom). RADARSAT-2 Data and Products © MacDonald,
Dettwiler and Associates Ltd. (2012 & 2013) All Rights Reserved. RADARSAT is an official
trademark of the Canadian Space Agency.

The variability in the snow depth measurements is evident in Figure 8 (top graph), especially in
the upper reach at Tugaske and Eyebrow Bridges. Along transects, snow depths varied
substantially at individual augered holes. Due to the low elevation of the river banks and
surrounding floodplain, the channel at Tugaske and Eyebrow Bridges is more exposed to winds
(Figure 9). However, along the lower reach at Keeler and Marquis Bridges, the bank elevations
are relatively high, providing more shelter from blowing winds and allowing snow to drift and
accumulate over the course of the winter (Figure 10).

Figure 8: Snow depth (top panel), snow ice thickness (middle panel) and total ice thicknesses
(bottom panel) for each sampling sight during the course of winter 2012 – 2013.
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Figure 9: Looking downstream from Eyebrow Bridge; snow depth is variable during the course
of winter 2012 – 2013 with little snow cover on the ice on 5 February 2013 (middle), compared
to the photos taken previously on 3 January 2013 (left) and afterwards on 28 Feb. 2013 (right).
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Figure 10: Looking downstream from Keeler Bridge; snow depth progressively accumulated
during the course of the winter 2012 – 2013.
Snow ice thicknesses (Figure 8, middle graph) were higher at the lower reach sites at Keeler and
Marquis Bridges and increased substantially after the flow in the river was ramped down in
January 2013. The seepage of floodwater throughout the snow cover on the ice and subsequent
freezing will have contributed to the thickening of the snow ice layer. The rate of total ice
thickening is also higher at the lower reach sites (see Figure 8, bottom graph).
Due to warmer days in April 2013, snow depths decreased due to melting of the snow on the ice
cover. Within the ice cover at Keeler and Marquis Bridges, a water layer was sandwiched
between a top and a bottom ice layer (see Figure 11, right panel). The top ice layer was
consistently 15 cm thick and the underlying water layer measurements averaged 19 cm in
thickness ranging between 13 and 32 cm. The water layer may have been melt water from ice
stemming from flood waters frozen on top of the ice cover after the flow was ramped down in
mid-January. Total thickness measurements on 23 April 2013 also revealed that the ice cover had
become thinner during April, although ice thicknesses across the transects at Keeler and Marquis
Bridges were quite variable with one reading of 132 cm ice thickness at Keeler Bridge. This was
the thickest ice measured during the 2012 – 2013 winter season.
4. Empirical Modelling
The Stefan equation was used as a basis for the empirical modelling of ice thickening during the
course of the winter. The equation expresses the ice thickness h as a function of the accumulated
degree days of freezing ADDF:

[1]
yields a linear regression line of slope c.
Typically, ice thickness data plotted against
Figure 12 shows a graph of the accumulated degree days of freezing ADDF for all winters
between 1990 and 2013. The winter 2012 – 2013, the focus of this study, is indicated with a bold
solid red line. ADDF values calculated from mean daily air temperatures measured at Elbow,
Saskatchewan, are shown until the end of March 2013. By the end of March, the ADDF of
winter 2012 – 2013 was the fifth highest since 1990 making it the fifth coldest winter in the past
23 years. The ranking may be higher due to the colder-then-normal April at the end of the winter
season.

Figure 11: left: view across the Upper Qu’Appelle Valley looking southeast towards an ice
covered Eyebrow Lake, 23 April 2013; right: water layer between the surface and bottom ice
layers of the ice cover at Keeler Bridge, 23 April 2013.
A transect of three measurements was typically carried out at each site. The ADDFs
corresponding to the sampling dates when measurements were taken are plotted against ice
thicknesses in Figure 13. Linear regressions of sampling points for each site were superimposed
on the graph. At the beginning of the winter season, the rate of ice thickening was approximately
the same at each of the sites, as indicated by the linear regression lines extending from
6 December 2012 to 3 January 2013. During this time, the ice was on average thickest at
Tugaske Bridge and thinnest at Keeler Bridge. At some sites, ice thicknesses varied substantially
between the three holes of a transect, especially at Brownlee Bridge. This is due to a sand bar
that extended from the south bank into the channel, causing the flow under ice to be concentrated
along the north bank. The ice was thickest at the south transect hole and thinnest at the north
transect hole.
After the reduction in discharge in mid-January 2013, the ice thickening rate increased along the
river. The thickening was substantial along the lower stretch of the river, as indicated by the
increase in slope at Keeler and Marquis Bridges. The large drop in discharge allowing water to
seep through the ice cover and flood and thicken the ice as shown in Figure 14 at the Keeler and
Marquis Bridges. Some flooding of the ice cover was also evident at Tugaske and Eyebrow
Bridges (Figure 15, left and right photos, respectively).
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Figure 12: An ensemble of accumulated degree days of freezing for all winters between the years 1990
and 2013 at Elbow, Saskatchewan.

Figure 13: Ice thickness versus the square root of the accumulated degree days of freezing (ADDF) with
linear regressions. The slope of the regression lines changes after the reduction in river discharge.

Figure 14: Water and slush on top of ice cover at Keeler Bridge (left panel) and Marquis Bridge
(right panel) on 5 February 2013.

Figure 15: Partially frozen floodwater on top of ice cover upstream from Tugaske Bridge (left
photo) and upstream from Eyebrow Bridge (right photo) on 5 February 2013.
The ice cover was thinning during April 2013, however some of the thickest ice measured during
the winter season was observed along the south bank at Keeler Bridge with a single thickness
measurement of 132 cm. Additionally, the ice cover at Keeler Bridge has lifted up to its free
buoyancy level (approximately ¾ m rise). This occurred at some point in time from the previous
site visit (26 March 2013) when the flow under the ice cover was still very pressurized with
leaking water forming new slush on the ice cover below the bridge. Due to warming along the
banks, the ice cover released from the banks and lifted up. Average bridge clearances at two
different times during the winter are given in Table 1.
Although not as severe, some ice cover cracking, flooding and additional thickening occurred in
the upper stretch of the river, as evidenced in the field at Tugaske Bridge. Figure 16 shows water
gushing out of an augered hole, revealing highly pressurized flow under the ice cover (left
panel). The pressure contributed to water seeping through cracks to flood the ice cover to form a
new snow ice layer (right panel). Pressurized flow was particularly extreme along the lower river
reach sites at Keeler and Marquis Bridges (Figure 17) with the flows initially gushing out at a
height approximately 14 and 11 cm above the ice surface, respectively. Figure 18 shows
transverse cracking at Tugaske Bridge (left photo) and transverse cracking/ridging at Eyebrow
Bridge (right photo).
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Figure 16: Ice cover at Tugaske Bridge: left panel: pressurized water flowing out of augered hole
on 5 February 2013; right panel: flood water forms new snow ice layer over older snow ice layer
on 28 February 2013.

Figure 17: Pressurized water gushing out of augered holes at Keeler Bridge (left photo) and
Marquis Bridge (right photo) on 5 February 2013.

Figure 18: Transverse cracking at Tugaske Bridge (left photo) and transverse cracking and
ridging downstream of Eyebrow Bridge (right photo) on 5 February 2013.

Table 1: Clearances between the bottom of the bridge and the top of the ice cover. The increased
clearance at Tugaske Bridge may be due to ice thinning at the end of the winter. The substantial
decrease in clearance at Keeler Bridge is due to the ice cover rising to its free buoyancy level,
once the ice cover melted away from the banks.
Bridge

2‐Jan‐13
(cm)

23‐Apr‐13
(cm)

Difference
(cm)

Tugaske

144

155

11

Eyebrow

180

179

‐1

Keeler

228

151

‐77.5

The ice thicknesses in Figure 13 were averaged separately for the upper reach sites (Tugaske and
Eyebrow Bridges) and the lower reach sites (Keeler and Marquis Bridges) and superimposed
with the function derived from the previous winter 2011 – 2012, as shown in Figure 19. The
winter 2011 – 2012 function is a rough estimate since fewer samples were available for that
winter and only from the latter half of the winter, in February and March 2012. However, the
functions provide a good comparison between the two winters. A flow test was not conducted
during the winter 2011 – 2012, the flow remained steady at approximately 1.6 cms throughout
the winter and ice thickening due to ice cover flooding is not evident. The winter was atypical,
being the warmest since 1990 (see Figure 13), hence the curve is somewhat lower and is less
steep than the initial curve for all sites at the beginning of winter 2012 – 2013. However, the
increased slopes after flows were ramped down in winter 2012 – 2013 compared to the previous
winter are very evident.

Figure 19: Comparison of Stefan Equation between winter 2011 – 2012 (warm conditions) and
winter 2012 – 2013 (cold winter with ice-cover flooding).

5. Total Suspended Sediment
Total suspended sediment (TSS) samples were taken along selected bridges during each site
visit. Prior to ramping the flow down in January 2013, water at the Hwy #19, Tugaske, Brownlee
and Marquis Bridges were sampled. Due to shallow water at Brownlee Bridge, after the flow was
ramped down, sampling at Brownlee was replaced with sampling at Keeler Bridge. TSS values
were relatively low (< 30 mg/L) during the winter season (see Figure 20). TSS concentrations
were generally < 5 mg/L at Hwy #19 and Tugaske Bridges. TSS increased marginally to
10 mg/L at Hwy #19 Bridge after the flow was ramped down. 20 mg/L was recorded at Tugaske
Bridge at the end of March 2013. Reasons for these anomalies are unknown. TSS values dropped
from 19 mg/L at Brownlee Bridge during high discharges to an average of 12.4 mg/L at Keeler
Bridge after the flow was ramped down. A drop in TSS concentrations was also measured at
Marquis Bridge from an average of 27 mg/L prior to mid-January 2013 to an average of
12.2 mg/L after the flow was stepped down.
The legend in Figure 20 indicates the number of days sampling took place after the last discharge
operation at the Qu’Appelle River Dam. While flows were ramping up in December 2012, many
days had pasted since the last operation once water was sampled (8 and 21 days for the first two
site visits). During such a length of time, sediment transport may have reached a steady state and
any TSS peaks may have been missed. As an experiment, it would be interesting to try capturing
a TSS peak concentration after an operation at the dam was carried out. Daily water sampling for
approximately one week would be required. Figure 21 was provided for comparison sake. TSS
concentrations measured during the winter season were much lower than values obtained in an
all year time series.

Figure 20: Total suspended sediment sampled along the Upper Qu’Appelle River during winter
2012 -2013.

Figure 21: Box-whisker plots showing the distribution of total suspended sediment
concentrations for the time period 2005 – 2006. Values in April 2006 were the greatest values
recorded in 2005 and 2006 (source: Davies ()).
6. Conclusions
The winter flow test was carried out along the Upper Qu’Appelle River during the 2012 – 2013
winter season. The discharge was successfully ramped up to 4 cms during freeze-up and the early
stages of the establishment of the ice cover. No ice jamming or overbank flooding occurred.
As a flood precautionary measure for the Lower Qu’Appelle River (downstream of this study’s
site), the discharge was required to be stepped down in January 2013 from 4 to 0.8 cms. An
adjustment to 1.05 cms immediately followed. The rapid decrease in discharge caused the ice
cover to slump and crack allowing water to seep through the ice and flood the ice surface. This
resulted in increased ice thickening rates, particularly along the lower course of the river. The ice
cover at Keeler and Marquis Bridges appeared especially susceptible to flooding and increased
ice thickening due to the relatively steep grade of the river along this stretch. Pressurized flow
persisted under the ice cover until at least the end of March 2013.
The winter 2012 – 2013 was relatively cold with the 5th highest end-of-March ADDF
(accumulated degree days of freezing) recorded since 1990. Additionally, April 2013 was colder
than normal extending the winter period and postponing the spring freshet until end of April.
From a visual inspection, much of the snow extent had been reduced within the upper portion of
the Upper Qu’Appelle Valley by the time the freshet occurred.
Site visits were carried out approximately every 4 weeks to monitor the conditions of the ice
cover. Ice thicknesses were greatest at Keeler Bridge with a maximum average of 122 cm
recorded at the end of March 2013 and a maximum single measurement of 132 cm recorded at
the end of April 2013.

To secure maximum water conveyance during the winter season, a high constant flow should be
established at freeze-up; some downstepping of the flow should be carried out periodically
during the winter to compensate for ice thickening. If additional operational changes are
required, flows should not increase or decrease in increments of more than 10%. The number of
increments to ramp the flows up or down should also be limited to avoid excessive pressurization
of the flow under the ice cover. Increasing or decreasing the flows during a cold spell should be
avoided. Severe cold air temperatures make the ice cover more brittle and less pliable to
deformations induced by changes in flow.
Additional water level gauges should be installed along the lower reach of the river, potentially
at Marquis or Keeler Bridges. The gauges would allow real-time monitoring of the ice conditions
and water levels during river freeze-up and ice cover breakup and indicate anomalies during the
winter months (e.g. ice cover flooding).
In theory, there is a potential for more erosion along the river to occur immediately after an
increase in discharge, which can destabilize any steady state of the sediment transport that may
have been established prior to the flow change. To capture peaks in erosion during changes in
discharge, sediment sampling or turbidity measurements should be carried out daily for
approximately one week beginning just prior to ramping up the flow.
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